Dynamic crack propagation across a perpendicular interface in a glass specimen is investigated to understand the interaction between the crack and the interface under impact loading. The glass specimen was composed of two glass plates in an edge-to-edge configuration with an adhesive layer in between. One of the plates had a notch for a plastic projectile to impact on. A single crack developed from the notch tip, and propagated perpendicularly into the interface. The patterns of crack propagation across the interface depend on the adhesive conditions on the interface. Within a range of impact speeds, the crack is arrested at the interface without any adhesive. The crack passes across a firmly bonded interface with little interference by the interface. The crack branches into multiple cracks after it passes through a thicker interface filled with adhesive. Projectiles having higher kinetic energies cause more severe crack branching after the crack extends into the second glass plate.
Introduction
Glass has high potential as a transparent armor material because of its low cost, light weight, high hardness and transparency [1] . However, glass has low tensile strength and toughness because of its surface micro-cracks, most of which are generated during manufacturing. Without such defects, glass shows great resistance to impacts [2] . To use glass effectively in armor applications, the damage and fracture behavior of glass under impact loading must be understood. * Corresponding author
The dynamic failure of brittle materials such as glass under a high speed impact is very complicated. Glass in particular has a unique dynamic failure phenomenon under high dynamic loading known as "failure wave" [3] . It is referred as crack networks propagating behind shock waves. Comminuted materials are created behind the failure wave. This phenomena has been explored in many studies, but it is still not well understood [3] [4] [5] [6] . A failure wave initiates at the surface of glass and propagates inside the glass along the loading direction. If there is an interface inside the glass, a compressive stress or shock wave can propagate through without much distortion. However, the failure wave may stop at the interface. If the stress reaches a specific threshold value, the failure wave pauses at the interface and then reinitiates on the other side of the interface [7] . It is desired to quantitatively determine the conditions under which the failure may stop or continue. However, since a failure wave consists of many cracks with interactions among the cracks, it is impractical to determine the conditions that can be clearly related to crack propagation behavior. If we first study the interaction between a single crack and an interface, and then extend the study to a more general fracture mode, well-established fracture mechanics methods and tools may be utilized to develop quantitative models progressively.
In principle, crack propagation caused by dynamic loading will be interfered by interfaces in the crack path [8] . Different material properties in different layers cause stress waves to interact, and result in stress attenuation [9] . Moreover, any of the interfaces between layers may arrest the cracks [10] . A crack growth may stop at the interface of two different media when it propagates perpendicularly into the interface [10] . Zak and Williams studied the static stress field of the crack tip ending in the interface and suggested that the rate of stress singularities and the principal stress direction depended on the properties of the two media [11] . Dally and Kobayashi studied crack arrests at the interfaces of duplex specimens with photoelastic methods [12] . In their experiments, a crack initiated by static loading stopped abruptly at the interface. When the applying load was sufficiently high, the crack penetrated the interface and extended to the second medium. Theocaris and Milios studied crack propagation across the interface of a bimaterial with the method of caustics [13] . A crack was initiated by a drop weight and penetrated the interface. As the crack was penetrating through the interface, it paused for tens of micro-seconds at the interface and reinitiated at the second medium. They observed that the crack branched into two cracks in the second medium in some cases. Later, Theocaris and Demakos observed consistent crack branching when a crack penetrated a circular inclusion whose material were different from the material of a specimen [14] . Xu and Rosakis investigated crack propagation driven by low impact loadings through an interface of Homalite plates with photoelasticity [15] . The crack behavior depended on the strength of adhesive materials which joint the Homalite plates in edge-to-edge configurations. Cracks were arrested at the interface where the adhesive had low strength. The two media were detached due to the weak bonding between them.
All experiments mentioned above were conducted under static or low impact loading conditions with brittle polymers such as Homalite whose crack speed ranges from 300 m/s to 500 m/s [16] . It is challenging to investigate the dynamic fracture of glass because of its fast crack speed and lower photoelastic constants. The crack speed of glass is up to 1500 m/s [17] and the size of caustics is only a few millimeters [18] .
In this study, we attempt to investigate the interaction of a dynamic crack in glass with a perpendicular interface. The crack is initiated by projectile impact. The behavior of the crack propagation and its interaction with the interface is recorded by an optical high-speed camera. In many studies, the impacts to initiate the crack were at relatively low speeds (as low as 10 m/s) [13, 15, 16] . However, the failure waves in glass are typically initiated by much higher impact speeds [3, 19, 20] . In this study, to observe crack behavior in glass, which is initiated by impact conditions more consistent to failure waves, we aim at impact velocities beyond one tenth of the crack speed. To produce such high-speed and consistent impacts, a light gas gun was employed.
Experiments
Experimental setup: The arrangement of the gun, a specimen and a high-speed camera in the experiments is schematically presented in Fig. 1 . The gas gun propels a projectile onto the notched edge of the glass specimen. When the projectile passes through two pairs of lasers and sensors, the interrupting sequence of the lasers and the time in between determine the speed of the projectile. The high-speed camera is triggered by the signal of laser interruption. After a pre-calibrated delay time, the camera starts to record the images of dynamic cracking at the moment when the projectile impacts the specimen. The camera records 32 images from each impact event at an adjustable inter-frame interval of as low as 5 µs. Strong flash lights are used to illuminate the specimen for the high-speed camera to capture the fracture events. After the impact, the debris of the glass specimen is carefully collected to study the fracture surfaces left on the glass specimen by the dynamic fracture events. These impact experiments can produce significant blasts and debris that might damage the recording equipments. To avoid such damage, all impacts are contained in an enclosed steel chamber that has thick polycarbonate windows for optical observations. Furthermore, the high-speed camera is positioned away from the specimen chamber. A mirror is used to reflect the fracture event into the camera's aperture (Fig. 1) .
Specimens and projectiles: Figure 2 illustrates the dimensions of a projectile and a specimen that are used in the experiments reported in this paper. Specimens were fabricated from 6.4-mm thick commercial soda-lime glass plates. As shown in Fig. 2 , two glass plates were bonded with an epoxy adhesive (Loctite E-30CL) along their contacting edges. The available mechanical properties of the glass, the adhesive, and the projectile materials used in this study are tabulated in Table 1 , as provided by relevant manufactures. When the projectile impacts the notched edges of the specimen, compressive waves are generated and propagate radially from the impact points. When the compressive waves reach the free edges of the specimen, tensile waves are reflected back towards the crack. The interaction of the tensile waves with the propagating crack will complicate the loading conditions at the crack tip. The specimen is designed to be large enough to avoid the interaction between the tensile waves and the crack during the window of observation. The wave speed c in the glass plate is estimated to be 5319 m/s [16] . As it will be shown later in this paper, the observation time window ∆t in the experiments for the crack to interact with the interface is about 60 µs. Therefore, the minimum width d of the specimen should be approximately
The actual specimen width is 305 mm, which is limited by the size of the enclosed steel chamber. It is slightly smaller than 319 mm but sufficient to provide the time window for most of the events. Similarly, the length of the second (un-notched) piece of glass plate must prevent the tensile wave reflected from the far edge of the sample to reach the interface before the crack under investigation has passed through. This criterion determines that the minimum length of the second glass plate to be 160 mm, the half of the width d. The actual dimension used is 203 mm (Fig. 2) . The angle of notch is 90°. Trial experiments show that a notch angle of either larger or smaller does not produce the desired single-crack initiation from the notch tip. Therefore, the angle of 90°was selected. To ensure consistent dimensions and straight interfaces, the as-received glass plates were trimmed by a water-jet.
To study the effects of interface, the interface thickness was varied by inserting shims of standard thickness between the two glass plates near the side boundaries of the specimen (Fig. 2) . Epoxy was applied on the contacting edges of the plates. The two glass plates were then pressed against each other (separated by the shims if a given width was desired) while the epoxy cured. The specimen where the interface were bonded without any shim was called a specimen with a near-zero-thickness interface even though an average thickness of the adhesive layer was measured around 0.05 mm. This small thickness came mainly from the roughness of surface resulted from water-jet trimming.
In the experiments, the thickness of the adhesive layer was a parameter that was varied. Two adhesive strengths were used: unbonded or bonded. The adhesive was selected that the adhesion was sufficiently strong such that the specimens would not have any cohesive and interfacial failure. Post-mortem inspection on recovered specimen pieces validated that all failures around the interface occurred in the glass plates but not inside the adhesive layer. Among the bonded specimens, four thicknesses were used: near-zero, 0.13, 1.3, and 2.5 mm. It was expected that the thickness was an important factor that would influence the wave interactions between two glass plates and the interaction between the propagating crack and the interface.
Due to the brittleness of the glass plates, the materials to make the projectile are required to have low hardness and low strength to prevent significant damage on the glass edges where the projectiles initially contact. Trial experiments were conducted to selected projectile materials that would not cause fragmentation on the contact points of the glass specimen, but would effectively initiate a single crack from the notch tip in the glass plate. A casting polyurethane with the trade name of "Smooth-On Featherlite" was selected as the projectile material for its low hardness and light weight. High speed images and post-mortem observations verified that the cracks were generated at the notch first, but not at the contact edges between the projectile and the specimen.
The length of projectile controls the duration of impulses generated from the impact. Sometimes, the length needs to be very short to create short-duration pulses. However, when the projectile is very short, it is difficult to maintain the projectile motion stable when traveling in the gun barrel. To give the projectile sufficient effective length to travel stably in the gun barrel, a light rigid casting foam with the trade name "Smooth-On FOAM iT 5!" is attached to the back end of the projectile. This weaker foam is crushable with low impacts and has a lower density as shown in Table  1 . This extended section of the projectile assembly produces little impulse on the glass specimen.
Impact velocities: To focus on the behavior of the propagation of a single crack, it is required that the projectile impact initiates only a single crack from the notch tip in the glass specimen. To explore the impact conditions for singlecrack initiation, trial impact tests were conducted on monolithic glass plates which had notches but without any interfaces. The projectile of 63.5 mm in diameter and 13 mm in length was made with the casting polyurethane. A light-foam extension was attached to the back end for stable acceleration in the gun barrel. The total weight of the projectile assembly was 55 g. When the projectile was launched at speeds slightly above one tenths of the reported crack speed in glass, a single crack was observed to initiate from the notch tip of the specimen. The high-speed images shown in Fig. 3 were taken from a trial experiment where the impact speed was 171 m/s. Due to the low strength and low hardness of the projectile, the glass specimen was not damaged in the contacted region. Instead, the foam projectile was bisected by the edges of the glass specimen. As shown in Fig. 3 , only a single crack initiated at the notch and propagated through the glass specimen, although the crack branched into multiple cracks during the later stages of propagation. The sequential images at a fixed inter-frame rate provide the opportunity to measure the crack speed as it propagates through the specimen. However, in the attempt to obtain the crack speed, it is very challenging to position the exact crack tip locations in the glass plate from the high-speed images because the tip is extremely sharp. Furthermore, many micro cracks may exist in front the tip [21, 22] . To find the exact position of a crack tip, an image of the specimen containing a crack and an image of in intact specimen were overlapped. A graphic program was then employed to identify the differences between the two images. Among 32 images recorded by the camera, the earliest image where a crack could be clearly identified was labeled as the first image in the series and the time stamp was marked as zero. The difference between the positions of the crack tip in two consecutive images ( (x n − x n−1 ) 2 + (y n − y n−1 ) 2 ) divided by the inter-frame time interval (t n − t n−1 ) yields the average crack speed between the two positions. Figure 4 shows the average crack speed in both glass plates as a function of the crack-tip position through the specimen length. An inspection of Fig. 4 indicates that the observed average crack speed is around 1500 m/s which is in close agreement to the maximum crack speed reported in normal glass [17] . After an interface is introduced in the specimen (Fig. 2) , the impact kinetic energy is increased from the case shown in Fig. 4 such that the crack has sufficient driving force to penetrate through the perpendicular interface.
Results
After the striking velocities were explored and the highspeed camera synchronized with the projectile impact, a series of impact experiments were conducted on the specimens with perpendicular interfaces in them. The initial group of experiments covered specimen with three interface conditions: direct contact without bonding, direct bonding on the contacting edges, and bonding with a thin epoxy layer. Figure 5 shows a dynamic crack propagating in a specimen having two glass plates contacting along the interface without any adhesive layer. In the attempt to drive the crack through the contacting interface, a heavier projectile was used. The projectile had a 100-mm long front part made with the casting polyurethane and did not have any rear part made with the light foam. This projectile weighed 217 g and was also driven at a higher speed of 212 m/s. As shown in Fig. 5 , a single crack was initiated at the notch and branched into two cracks, which indicated that the impact energy exceeded the level to maintain a single-crack propagation [23] . Each branched crack propagated toward the interface, but each was stopped at the interface. Besides the initial cracks started from the notch tip, additional cracks were developed from the interface later and propagated toward the notched end (see image (F)). These cracks were generated by the reflected tensile waves from the outer sides of the glass specimen. Similar phenomenon was also reported in other studies [15] . All the cracks were observed only in the section of the specimen between the impacted notch and the interface. The kinetic energy was 4880 J and this is much higher than any other experiments reported in this paper in which kinetic energy is less than 3000 J. Despite the impact by a projectile with much higher kinetic energy, the interface stopped all the cracks. The second glass plate was intact. The type of crack propagation in this study was designed to be Mode I. The opening mode of the crack tips can not transfer effectively across the interface where two glass plates simply contact without any bonding. Figure 6 shows an experiment where a crack propagated through an interface that was directly bonded. The interface layer thickness was nearly zero. Trial experiments indicated that this interface made the glass behaved like a single piece. The impact conditions were adjusted back to be closer (but still with higher kinetic energy to drive the crack through the interface) to the impact on a monolithic glass plate. The projectile had a 25-mm long front part made with casting polyurethane and 81-g total weight. It was launched at the speed of 265 m/s. Trial experiments also indicated that, if projectiles were heavier or faster than these values, the crack would branch before reaching the interface.
Under impact, a single crack was initiated from notch tip of the specimen and propagated towards the interface (Fig.  6) . The crack then penetrated the interface with little interference and then extended to the second glass plate. Again, the crack-propagation speed as a function of the tip location can be obtained from the images, as shown in Fig. 7 . An inspection of the results shown in Fig. 6 and 7 indicates that the propagation of the crack had a slight delay at the interface, however, the duration of delay was so short that high speed images recorded with the frame duration of 5 µs were not sufficient to obtain the exact nature of the delay. It is evident that the adhesive layer between two glass plates transfers stress wave effectively to the second media and let crack reinitiate in the second media from the interface almost immediately. As shown in Fig. 7, the crack 
To study the effect of an interface with a thin layer of epoxy, an experiment was conducted on a specimen with an interface of a 0.13-mm thick adhesive layer. The impact conditions were nominally identical to the previous case. The projectile weighed 81 g and was accelerated to a speed of 264 m/s. Figure 8 shows that a single crack propagated from the notch into the interface. The corresponding average speed variation as a function of crack-tip positions is also plotted on Fig. 9 . The results in Figs. 8 and 9 show that crack propagation was delayed for 20 µs at the interface. It is noted that the interface is thicker than near-zero-thick adhesive only by 0.13 mm. The slow crack speed in epoxy is a factor for the significant delay in the propagation. Also, it is evident that reinitiating crack in the second medium takes significant amount of time because the stress intensity factor increases gradually until it reaches a threshold value for crack initiation [12, 13, 16] . We investigated the detailed information on the crack propagation in the epoxy layer and will present the results in the later part of this study.
Another significant difference the 0.13-mm thick adhesive layer produced is that the crack branched into multiple cracks right after it passed across the interface as shown in Fig. 8 . Even though the difference of thickness of adhesive layers between this specimen and the specimen having near-zero-thick interface was only 0.13 mm, the crack behavior crossing the interfaces was observed to be very different. The speed of each branched crack was measured to be also about 1500 m/s as shown in Fig. 9 , the constant and maximum crack speed in glass again. A drop in crack speed after branching was reported [17, 24] . However, in this study, the glass specimen was impacted at higher speeds. No drop in the speeds of branched cracks was observed. The results from this experiment show that, under nearly identical impact conditions, a thin layer of adhesive in the interface can produce very different crack behaviors, in both crack speeds and crack patterns across the interface. In the second plate, there were four sustainable branched cracks spreading in the shape of a fan with an apex angle of approximately 50°, and some of them branched into more cracks as they propagated further. If we assume that the energy required to drive a crack is nearly a constant (as indicated by the common crack speed), the 20-µs delay of the crack tip at the thin interface must have allowed the accumulation of about four times the energy to drive a single crack in the second plate.
After the initial set of experiments, two more sets of impact experiments were conducted. The first was to drastically increase the interface thickness while maintaining the striking conditions identical. The second was to impact the specimen at a much higher speed. Figure 10 shows the case of a specimen having a 2.5-mm thick adhesive layer impacted under similar conditions as the two previous cases. In this case, the projectile weighed at 83 g and was driven to 259 m/s. A crack initiated at the notch and propagated slightly downward. The single crack reached at the interface and crossed the epoxy layer slowly. When the single crack in the interface layer reached the second glass plate, multiple cracks then reinitiated at the second plate simultaneously. This massive crack generation in the second glass plate is rather initiation than branching because the areas between previous single crack and following cracks changed abruptly instead of continuous. Although impacted under similar conditions, the extended cracks in the second glass plate had more branches and wider angles than the branched cracks in the specimen having a 0.13-mm thick adhesive layer as shown in Fig. 8 . Figure 11 presents the crack speed versus the positions of crack tips. The crack speed is about 1500 m/s in the glass plates regardless of position. Again, we could not obtain the exact crack speed in the epoxy layer in the high speed images. However, the delay time while the crack was propagating through the adhesive layer was about 45 µs. As shown in the profiles of cracks in Fig. 11 , there were 12 cracks spreading in a fan region with an angle of 65°in the second glass plate, and these cracks further branched massively into more cracks immediately. Some of these branched cracks connected with each other and generated thick shadows as shown in Fig. 10 (E) . Thus, the 2.5-mm thick adhesive layer and the 45-µs delay time allowed the accumulation of over 12 times the energy to drive a crack in the second plate. The thickness of the adhesive layer significantly affected the pattern of the branching.
To explore the effects of higher impact energy on the crack interaction with an interface, we conducted the second set of experiments where a 76-g projectile was driven to 660 m/s. The interface was a 0.25-mm thick adhesive layer. Figure 12 shows the high-speed images taken from such an experiment. Severe branching of cracks in the first glass plate was observed when the specimen was impacted with the high-speed projectile. Some of them crossed the interface. In spite of the relatively thin adhesive layer, each branched crack that passed through the interface produced numerous cracks in the second plate. These massive cracks still propagated with the same speed, around 1500 m/s. Some of the cracks in the second plate stopped absurdly. Some others branched into more cracks. The stress field is known to affect the angle of crack branching. The higher stress induced by high-speed impact reduced the angle [23, 25] .
To examine more detailed trend of delay in crack propagation at interfaces, we conducted an additional experiment with a specimen having an 1.3 mm-thick adhesive layer. The positions of crack tips versus time from the initial three sets of experiments and this additional experiment are presented in Fig. 13 . All the cracks propagate at a nearly common speed in glass regardless of the position, as can be estimated from the slopes of the curves in Fig. 13 , which are also evident in Figs. 7, 9 and 11. These sudden initiation and constant-speed propagation behaviors in glass and brittle polymers have also been reported under other loading conditions [17, 26, 27] . Due to limitation of the frame rate and resolution of the high-speed camera, the accurate positions of cracks could not be obtained when they propagated in adhesive layers. However, it is clearly demonstrated that the initiation of cracks in the adhesive layers and in the second glass plates contributed to the duration of delays in crack propagation. These delays are not constant and may depend on the rate of stress intensity factor of each crack because it needs time to reach a critical value [16] .
To investigate the nature of the delay at interfaces, the duration of delay can be divided into two parts : duration of crack propagation in epoxy adhesive and duration of crack reinitiation at the second plate. To find the crack speed in the epoxy layer, a 10.9-mm thick epoxy adhesive layer was inserted between two glass plates. The thickness of this adhesive layer is too large to be considered as an interface layer in a structure. Figure 14 presents crack speed at this thick adhesive layer. The crack speed in the epoxy layer was initially as low as 120 m/s and gradually increased to a peak of 230 m/s near the middle of the layer. Then it decreased less than 70 m/s as it approaches the second glass plate. The exact crack speed could not be obtained at this moment because of the low resolution of images and slow crack speed. The average crack speed in the epoxy was 140 m/s, about one tenth of crack speed in glass.
The duration of delays of specimens having various thickness of bonded interfaces, 0 mm (near-zero-thick), 0.13 mm , 1.3 mm and 2.5 mm can be obtained from Fig. 13 . These are 3 µs, 25 µs, 30 µs and 45 µs respectively. Even though Fig. 14 indicates that the crack speed in epoxy layer is not constant as the speed in glass, we assumed conservatively that the crack speed in the epoxy adhesives is 120 m/s, the initial speed observed in Fig. 14 . With this assumption, it would take only 1.1 µs for the crack to cross the 0.13-mm interface. Thus, the crack initiation processes in the second glass plate must have taken most duration of the time delay, which is 24 µs in this case. It took 45 µs for the crack to cross the 2.5-mm interface, which was significantly longer than the time, 21 µs for a 120 m/s crack to cross the 2.5-mm thick adhesive layer. Thus, it took 24 µs to reinitiate the crack in the epoxy layer and the second glass plate. Table 2 presents the duration of delays, duration to cross the interfaces, time to reinitiate cracks and corresponding pattern of cracks for all specimens. As the thickness of layer increases, the time to cross the epoxy layer increases, but the time to reinitiate cracks does not increase.
Discussions
The second plates have more branched cracks spreading in wider angles as cracks stay at interfaces for longer durations as shown in Table 2 . Growth of cracks creates new surfaces, which dissipate strain and kinetic energies. Crack speed determines the rate of energy dissipation. However, the maximum value of crack speed has limitation which has been consistently measured to be 1500 m/s in glass. If the new surfaces do not dissipate energy sufficiently, instability happens at the crack tips -branching and rough surface. Therefore, energy accumulation at crack tips and energy release rate are the criteria to determine crack branching [16, 28] . For a simple case of Mode I fracture, calculation of energy release rate can be written as [16] 
where 
Equation 3 is explicit function of crack speed, v and dynamic stress intensity factor, K dyn I . Both of these factors affect the critical stage of energy release rate that causes crack branching.
It has been known that crack propagation through an interface is affected by the interaction between crack-tip plasticity zone and the interface [10, 29] . Sugimura et al. showed that a crack had resistance in its propagation when it approaches a medium having smaller plasticity zone from a medium having larger plasticity zone [29] . In our specimens, the epoxy layer at the interface is a ductile material and has larger plasticity than the brittle glass. So the crack speed in epoxy adhesive decreases as it approached the second glass as shown in Fig. 14 .
After crossing the epoxy layer, crack speed is nearly zero at the interface before the crack extends to the second plate. At this point, with assumption of stationary crack, the dynamic stress intensity factor can be obtained by following approach. Freund showed that dynamic stress intensity factor of a moving crack is given by the universal function k(v) times the stress intensity factor of instantaneously stationary crack in Mode I type [28] .
where C R is Rayleigh wave speed. Obtaining analytic solution of dynamic stress intensity factor at the interface is challenging because of complicated wave interactions [28, 30] .
For the simplicity of analysis, we ignore the interface effect and inhomogeneity of materials, which can be applied for the specimen having a thin layer of adhesive. Also, we assume that the loading is uniform and the crack stops propagation instantly. Then the dynamic stress factor is [16] 
where σ and υ are applied stress and Poisson's ratio. This equation shows that stress intensity factor increases with time in order of 0.5. The experimental results from other studies showed that similar increment of stress intensity factor while cracks stopped at interfaces [12, 13] . As stress intensity factor increases, energy release rate in Eq. 3 and corresponding energy dissipation increase with time until the crack begin to move in the second plate. This high energy dissipation causes crack branching at the second plates at reinitiation. Even though many studies on crack branching have been conducted, its mechanism is yet to be explained clearly. The review by Ramulu and Kobayashi described that the observations of crack branching had inconsistency, because the branching depends on the loading conditions, geometry of specimens and material properties [23] . They pointed out the discrepancies between theories and experimental results for the crack branching. Therefore, the studies on dynamic crack branching have mostly employed empirical methods. In the experiments for crack branching with dynamic loadings, generating crack branching in certain position and shape have been considered as challenging subjects. However, in this study, the position, shape and severity of crack branching were simply controlled by the thickness of interfaces. As the thickness of layer increased and the duration of delay was longer, the cracks had more branches and spread in wider angles. This study provides an approach to generate crack branching consistently.
The roughness of the fracture surfaces in glass specimens recovered after impact loading reveals information on the fracture energy. Due to the violent nature of the experiments, it was difficult to recover specimen pieces that contained critical information. We retrieved the surfaces of cracks in front and behind of an interface from a trial experiment and investigated to evaluate the energy dissipation during the penetration of an adhesive layer. Figure 15 shows crack propagation in a glass specimen having a direct-contact adhesive layer and the parts of the specimen recovered after the test. The initial crack branched into two cracks in front of the interface. Each crack penetrated the interface with little interference. The image marked "A" in Fig. 15 shows a piece of glass that contains the fracture surface and the adhesive interface. The fracture surface reveals the transition of roughness of fracture surfaces at the interface. The surfaces on both sides of the interface were smooth like a mirror, which indicates that the interface did not affect the crack propagation significantly. When a crack branched, the roughness of the fracture surface increased as shown in the image marked "B" in Fig. 15 . This transition of roughness, know as mirror, mist and hackle during crack branching has also been reported in other studies [25, 27] .
Conclusions
The interactions between cracks driven by dynamic loading and interfaces perpendicular to the cracks were studied. The dynamic crack was arrested at the interface which does not have an adhesive layer. But cracks penetrated interfaces that have adhesive layers. The penetrating behavior depended on the thickness of interfaces. With little interference, a crack crossed an interface where two glass plates touched each other along their bonding line when the thickness of adhesive layer was as thin as possible. But at the interface with an adhesive layer of finite thickness, propagation of cracks were delayed and branched into multiple cracks when they extended to the second glass plate. The slow crack speed in the epoxy adhesive and time to take in crack reinitiation at the second plates are reasons for the delay. As duration of delay takes a longer time, more energies are accumulated at the crack tips. The sudden dissipation of these energies at the second plate causes the severe branching. If the rate of energy dissipation at the second glass is sufficiently high, the a number of cracks initiate simultaneously and turn to dense crack network observed in failure wave. 
